Background {#Sec1}
==========

Currently, cervical cancer is the second most common cancer in women in developing countries after breast cancer, and recent findings indicate an increased risk for young women under 25 years of age who may be predisposed to develop cervical cancer \[[@CR1]\]. Multistep factors such as proto-oncogene activation, tumor suppressor gene inactivation, epigenetic alterations, and genomic instability are involved in the development of cervical cancer \[[@CR2], [@CR3]\]. Substantial evidence has indicated that various oncogenes (such as *LGR5* and *DAX1*) and suppressor genes (such as *KLF4* and *SLUG*) exhibit abnormal expression during the development and progression of cervical carcinoma \[[@CR4]--[@CR7]\], which suggests the important role of gene activity in the carcinogenesis of cervical cancer. Although it is known that cervical carcinogenesis is a process in which normal tissues progress to squamous intraepithelial lesions and then cervical cancer, the underlying mechanisms of cervical carcinogenesis have not been fully elucidated.

Growth differentiation factor 15 (GDF15, also known as MIC-1, NAG-1, PTGF-β, and PDF) belongs to the transforming growth factor beta (TGF-β) superfamily. The *GDF15* gene is located on chromosome 19 and comprises two exons that encode a 308-amino-acid polypeptide, which consists of a 29-amino-acid signal peptide, a 112-amino-acid mature protein, and a 167-amino-acid pro-peptide. GDF15 is expressed in the cytoplasm as a precursor 35-kDa protein that is cleaved to produce a mature 17-kDa secreted cytokine \[[@CR8]\]. GDF15 is weakly and stably expressed in most tissues under normal physiological conditions but is substantially up-regulated under pathological conditions such as injury, inflammation and carcinoma, among other diseases \[[@CR9]\]. Evidence shows that GDF15 plays an important role in carcinogenesis-related activities, including proliferation, migration, invasion, and angiogenesis in various types of tumors. For example, GDF15 knockdown in malignant gliomas reduced cell proliferation in vitro and tumorigenesis in vivo \[[@CR10]\], while GDF15 overexpression promoted tumorigenesis and progression in oral squamous cell carcinoma \[[@CR11]\]. GDF15 was identified as a novel potential biomarker of cervical cancer in a previous study \[[@CR12]\]. Unfortunately, there is no evidence demonstrating the effects of GDF15 expression on the development and progression of cervical carcinoma; the molecular mechanisms of GDF15 in cervical carcinoma are also largely unknown. This study aimed to fully explore the function and mechanisms of GDF15 in cervical carcinogenesis.

Methods {#Sec2}
=======

Cell lines and culture conditions {#Sec3}
---------------------------------

Five cervical cancer cell lines HeLa, SiHa, C-33 A, HT-3, CaSki and HL-60 were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA) and maintained in recommended media supplemented with 10% fetal bovine serum at 37 °C and 5% CO~2~. Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) was used to culture HeLa, SiHa and C-33 A cells, McCoy 5A medium (Sigma-Aldrich) was used for HT-3 cells, RPMI 1640 (Sigma-Aldrich) was used for the CaSki and HL-60 cells under the identical conditions. Recombinant human GDF15 (rhGDF15; 213-10,128-1) and Human serum albumin solution (HSA; 020682) was purchased from RayBiotech (Norcross, GA, USA) and Vitrolife (Gothenburg, Sweden), respectively. MK-2206 is an AKT inhibitor, SCH772984 is an Erk1/2 inhibitor, SB525334 is a TGF-β receptor inhibitor and CI-1033 is an EGFR/ErbB2 inhibitor, all of which were purchased from biochemical company (Selleck, USA).

Human tissue specimens, immunohistochemistry and immunocytochemistry {#Sec4}
--------------------------------------------------------------------

A total of 76 samples, 21 normal cervix (NC), 23 high-grade squamous intraepithelial lesion (HSIL), and 32 squamous cervical cancer (SCC) samples without a history of chemotherapy, immunotherapy, or radiotherapy were obtained by means of surgery at the First Affiliated Hospital of Xi'an Jiaotong University Medical College between January 2008 and December 2016. The procedures followed medical-ethics approval practices. Hematoxylin and eosin-stained sections were used for pathological diagnosis. Clinical stages were identified according to the International Federation of Gynecology and Obstetrics (FIGO) classification system. For IHC, the staining procedure was performed as previously described \[[@CR6]\]. Images were captured with an Olympus-CX31 microscope digital camera and Leica DFC 500 digital camera and processed with LAS AF software (Leica, Solms, Germany). To determine immuno-reactivity scores (IRSs), specimen sections were scored and evaluated by 2 investigators. Staining intensity was scored on a scale from 0 to 3: negative (0), weak (1), moderate (2), or strong (3). The percentage of positive cells, defined as the relative positive-staining area, was scored on a scale from 0 to 4: 0--5%(0), 6--25%(1), 26--50%(2), 51--75%(3), and 76--100%(4). The IRS was calculated by multiplying the "staining intensity score" by the "percentage of positive cells". IRSs ≤2 were defined as GDF15-negative, while IRSs between 3 and 12 (3 ≤ IRS ≤ 12) were defined as GDF15-positive.

ELISA assay {#Sec5}
-----------

The cell culture media was collected and prepared as 10 times dilution. The detailed procedures were conducted strictly with the protocol in the Quantikine® ELISA human GDF15 immunoassay kit (\#DGD150, R&D system, Minneapolis, MN, USA).

Western blotting analysis {#Sec6}
-------------------------

Western blotting analyses were performed as previously described using 30μg lysates from fresh tissues and cells \[[@CR6]\]. Proteins were visualized by exposing Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA) by protein imprinting imaging system (Tanon5200, China). Antibodies against human GDF15, AKT1, Erk1/2, GAPDH were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-PI3K (p-p110a) was from Abcam Technology (Cambridge, MA, USA). Anti-p-AKT was purchased from CST (Littleton, CO, USA). Anti-Ras and Anti-Ras-GTP was from NewEast Biosciences (WuHan, CN). Anti-p-Erk1/2, anti-ErbB2, anti-p-ErbB2, anti-FOXO1 were from Abclonal Technology (Boston, MA, USA).

Plasmid construction and stable transfectants {#Sec7}
---------------------------------------------

The vector pIRES2-AcGFP was purchased from Clontech (CA, USA). The full-length CDS of human GDF15 was cloned into the pIRES2-AcGFP vector. GDF15-specific and ErbB2-specific short hairpin RNAs were designed and cloned into pGPU6/GFP vectors to inhibit GDF-15 and ErbB2 expression (Gene Pharmcompany, Shanghai, China). The primers and oligonucleotide sequences are described in Supplementary Additional file [1](#MOESM1){ref-type="media"}: Table S1. The pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (Plasmid\#42230) containing SpCas9 and single guide RNA was obtained from a non-profit plasmid share repository belonging to Feng Zhang (Addgene, Cambridge, MA, USA) \[[@CR13]\]. Suitable CRISPR target sites within the positive and negative strands of exon 1 of GDF15 were identified using the 'CRISPR Design Tool' (<http://crispr.mit.edu>/) hosted by the Feng Zhang laboratory (Massachusetts Institute of Technology, MA, USA) to obtain the minimum number of off-target sites in the human genome (Additional file [1](#MOESM1){ref-type="media"}: Table S1). To generate stable transfected cell lines, cells were transfected with vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Stable clones from HeLa and SiHa cells were selected using G418 reagent (Calbiochem, Darmstadt, Germany) and identified by western blotting. For transient HT-3 cell lines, protein was collected after being transfected 48 h.

RNA isolation and real-time PCR {#Sec8}
-------------------------------

Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and first-strand cDNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Osaka, Japan). Complementary DNA and SYBR-Green fluorescence- signal-detection assays (TaKaRa, Osaka, Japan) were used for real-time PCR. The resulting data were normalized to housekeeping gene GAPDH. Real-time PCR and data collection were performed on an IQ5 instrument (Bio-Rad, CA, USA). Primers were designed using Perl Primer software, and their oligonucleotide sequences are described in Additional file [2](#MOESM2){ref-type="media"}: Table S2. The real time-PCR experiments were quantified by the 2 − △△CT method and repeated at least three times.

Cell growth and cell viability assays {#Sec9}
-------------------------------------

Cells (5 × 10^4^) were seeded in triplicate with 2 mL of media into 35-mm tissue culture dishes for 7 days. The numbers of cells were counted after harvesting every 2 days using a hemocytometer under light microscopy. The cell viability assays were performed by applying 3-(4,5-dimethylthiazole-yl)-2,5-diphenyl tetrazolium bromide (Sigma-Aldrich, St Louis, MO, USA) dye to cells that were seeded in 96-well plates for 1000 cells each in 7 days or 3000 cells in 48 h, as described in a standard protocol. Then, the absorbance at 490 nm was measured (Bio-Rad, CA, USA).

Flow cytometry analysis {#Sec10}
-----------------------

Cells for cell cycle analysis were harvested and fixed with 70% cold ethanol at 4 °C overnight. After being washed in PBS, the cells were incubated in 1 mL of staining solution (20 mg/mL propidium iodide; 10 U/mL RNaseA) (Aldrich, St. Louis, MO, USA) at room temperature for 30 min. Then, the samples were measured by FACS Calibur flow cytometry (BD, Franklin Lakes, NJ, USA), and the cell cycle distributions were analyzed by the software "Flowjo_V10" (FlowJo, LLC, Ashland, OR, USA).

Quantitative chromatin immunoprecipitation {#Sec11}
------------------------------------------

HeLa and SiHa cells were subjected to ChIP using the EZ-ChIP Assay kit (Millipore, MA, USA). Briefly, the cells were treated with 37% formaldehyde to crosslink proteins, and the reaction was terminated with 0.125 M glycine. After sonication, chromatin--protein complexes were immunoprecipitated with 5 μg of anti-C-myc antibodies or 1 μg of mouse IgG. Real-time PCR was performed to amplify the regions of interest or internal negative control regions. Each sample was assayed in triplicate, and the fold enrichment ratio was calculated as the value of the ChIP sample versus the corresponding input sample. Samples that yielded a twofold enrichment or better were considered positive targets. The primers used for these studies are listed in Additional file [2](#MOESM2){ref-type="media"}: Table S2.

Immunoprecipitation assay {#Sec12}
-------------------------

Primary antibody (anti-GDF15) was incubated with AminoLink plus coupling resin (Pierce Co-IP kit, Rockford USA) for 1 h at room temperature. Equivalent amounts of protein (500 μg) incubated with resin-antibody complex overnight at 4 °C. Protein--antibody complexes were washed in lysis buffer. Denatured protein complexes were separated by western blotting. Another antibody(anti-p-ErbB2) was used to detect interacting proteins. IgG antibodies of corresponding isotype (Santa Cruz, Dallas, TX, USA) were used as controls to exclude unspecific associations.

Tumor xenograft assay {#Sec13}
---------------------

For in vivo assays, nude female mice between 4 and 6 weeks old were purchased from an animal breeding facility (Slac Laboratory Animal Co., Nanjing, CN). Animals were maintained in a specific pathogen free(SPF) room in accord with institutional policies. The mice were randomly divided into four groups, with three repeats for each clone: HeLa-GFP and HeLa-GDF15, SiHa-GFP and SiHa-GDF15. Each mouse received a subcutaneous injection of 1 × 10^6^ cells. The development and progression of solid tumors was monitored longitudinally over 12 weeks. Tumor volume(V) was calculated every 4 days by tumor length(L) and width(W) as: V = L × W^2^/2.

Statistical analyses {#Sec14}
--------------------

Each sample was assayed in triplicate, and each experiment was repeated three times. Data are presented as means ± SD, and Student's t-test (unpaired, two- tailed) or one-way ANOVA was used to compare the means of independent samples. Correlations were analyzed using Pearson linear-regression analysis. Statistical analyses were performed with SPSS for Windows v. 16.0 (SPSS Inc., Chicago, IL, USA). *P*-values of *P* \< 0.05 were considered statistically significant.

Results {#Sec15}
=======

GDF15 expression in normal cervix and different cervical cancer lesions {#Sec16}
-----------------------------------------------------------------------

Although GDF15 expression has been discovered in various carcinomas, its role in cervical cancer is not well defined. To investigate GDF15 protein expression in human cervical carcinoma, immunohistochemistry (IHC) was performed in paraffin -embedded normal cervix (NC), high-grade squamous intraepithelial lesion (HSIL) and squamous cervical cancer (SCC) tissues. Positive GDF15 staining that was localized to the cytoplasm and/or nucleus (Fig. [1a](#Fig1){ref-type="fig"}) was found in 38.1% (8/21) of NC samples, in 69.6% (16/23) of HSIL samples and in 78.1% (25/32) of SCC samples (Fig. [1b](#Fig1){ref-type="fig"}, NC vs. HSIL, *P* \< 0.01; NC vs. SCC, *P* \< 0.01; HSIL vs. SCC, *P* \> 0.05). The average IHC scores for GDF15 were 2.95 ± 0.64 in NC, 5.09 ± 0.68 in HSIL and 5.84 ± 0.79 in SCC (Fig. [1c](#Fig1){ref-type="fig"}, HSIL vs. NC, *P* \< 0.05; SCC vs. NC, *P* \< 0.05 HSIL vs. SCC, P \> 0.05). In a follow up study performed with the TCGA database (TCGA_CESC_exp_HiSeqV2), women with high GDF15 expression showed a statistically significant higher risk of cancer development and shorter disease-free survival time within 10 years compared to women with low GDF15 expression. These data suggested that GDF15 is involved in the development and progression of cervical carcinoma. In addition, the expression of GDF15 in 8 samples of normal cervix and 10 samples of cervical carcinoma was detected by western blotting (Fig. [1d](#Fig1){ref-type="fig"}). The relative expression levels of GDF15 in these cervical carcinoma tissues were higher than that in the normal cervix (Fig. [1e](#Fig1){ref-type="fig"}, *P* \< 0.05). These results all suggested that GDF15 was highly expressed in the examined cervical cancer specimens and may be involved in the process of cervical carcinoma.Fig. 1Expression of GDF15 in samples of normal cervix and various cervical lesions. Immuno-histochemical (IHC) detection of GDF15 in normal cervix(NC), high-grade squamous intraepithelial lesion(HSIL) and squamous cervical cancer(SCC) samples (**a**); original magnification, 400×. GDF15 staining was classified into 2 categories, negative and positive (**b**), and the bar chart shows the percentage of each group (21 NC specimens, 23 HSIL specimens, and 32 SCC specimens). The scatter plot illustrates the immunoreactivity scores obtained for GDF15 staining in NC, HSIL and SCC samples (**c**), points represent the IHC score per specimen, and one-way ANOVA was performed. The expression of GDF15 in normal cervix (NC) and squamous cervical carcinoma (SCC) samples was detected by western blotting (**d**). The relative expression of GDF15 in each sample of NC (*n* = 8) and SCC (*n* = 10) is shown (**e**). The data are shown as the ratios of GDF15/β-actin of each specimen and as the means ± standard error of the NC and SCC groups. Values are shown as the mean ± SD, \**p* \< 0.05, \*\**p* \< 0.01

GDF15 promoted the proliferation of cervical cancer cells and tumor formation in vitro and in vivo {#Sec17}
--------------------------------------------------------------------------------------------------

A relatively high level of GDF15 expression was detected in HT-3 cells, but relatively low expression of GDF15 was observed in HeLa, SiHa, C-33 A and CaSki cells (Additional file [3](#MOESM3){ref-type="media"}: Figure S1a and b) according to IHC and western blotting. To further investigate the function of GDF15 in human cervical cancer cells, commercial recombinant human GDF15 (rhGDF15) and human serum albumin (HSA) was added to the media of HeLa and SiHa. An MTT assay revealed that rhGDF15 stimulated the proliferation of HeLa and SiHa cells in a dose-dependent manner (Additional file [3](#MOESM3){ref-type="media"}: Figure S1c and d). Additionally, cell growth curves and an MTT assay were applied to evaluate the proliferation and viability of the HeLa and SiHa cell lines, which were incubated with PBS, HSA or rhGDF15. As shown in Fig. [2a](#Fig2){ref-type="fig"} and [b](#Fig2){ref-type="fig"}, HeLa and SiHa cells treated with rhGDF15 grew more rapidly than their respective controls (HeLa PBS and SiHa PBS, HeLa-HSA and SiHa-HSA, *P* \< 0.05). Moreover, the viability of HeLa and SiHa cells treated with rhGDF15 was much higher than that of their respective controls (Fig. [2c](#Fig2){ref-type="fig"} and [d](#Fig2){ref-type="fig"}, P \< 0.05). Furthermore, the supernatants of the GFP and GDF15-transfected HeLa and SiHa cell clones (GDF15 concentration in the supernatant of HeLa-GFP and SiHa-GFP is 3.64 ± 0.12 ng/ml and 0.98 ± 0.07 ng/ml; GDF15 concentration in the supernatant of HeLa-GDF15 and SiHa-GDF15 is 38.7 ± 0.83 ng/ml and 19.4 ± 0.51 ng/ml respectively, determined by ELISA assay) were collected and incubated with HeLa-GFP and SiHa-GFP cells for 24 h, 48 h, 72 h and 96 h. An MTT study showed that 50% conditional medium significantly increased the proliferation of HeLa-GFP and SiHa-GFP cells after treatment for 96 h (Additional file [3](#MOESM3){ref-type="media"}: Figure S1e and f, *P* \< 0.01). Conversely, GDF15 knockdown in HT-3 cells using both CRISPR-CAS9 mediated gene editing and shRNA technologies resulted in significant decreases in cell growth and viability (Fig. [2e](#Fig2){ref-type="fig"} to [h](#Fig2){ref-type="fig"}, *P* \< 0.05). All of these results demonstrated that the GDF15 protein stimulated the proliferation of cervical cancer cells in vitro in both an autocrine and a paracrine manner.Fig. 2GDF15 promotes cervical cancer cell proliferation in vitro and tumor formation in vivo. The proliferation and viability of HeLa and SiHa cells incubated with PBS, HSA(10 ng/ml) or rhGDF15(10 ng/ml) were detected by growth curves (**a** and **b**, respectively) and the MTT assay (**c** and **d**, respectively). The proliferation and viability of HT-3 cells modified with CRISPR and shRNA were detected by growth curves (**e** and **f**, respectively) and the MTT assay (**g** and **h**, respectively). Tumor growth curves (**i** and **j**, respectively) and tumor weights (**k** and **l**, respectively) are shown for HeLa-GDF15 and SiHa-GDF15 cells and control cells (HeLa-GFP and SiHa-GFP). Pictures were of nude mouse with tumors from HeLa-GDF15 and SiHa-GDF15 and their control cells (**m** and **n**, respectively). Immuno-histochemical staining results for Ki67 are shown in tumor xenografts of GDF15-overexpressing HeLa and SiHa cells **(o** and **p**, respectively) and the quantitative analysis are shown (**q** and **r**, respectively). The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA

To further determine the effects of GDF15 on tumor formation ability in vivo, 6 adult female nude mice in each group were subcutaneously transplanted with HeLa-GDF15 or SiHa-GDF15 and their control cells (Fig. [2m](#Fig2){ref-type="fig"} and [n](#Fig2){ref-type="fig"}). The xenograft assay in BALB/c-nude mice showed that GDF15-overexpressing cells formed much larger tumors in terms of volume (Fig. [3i](#Fig3){ref-type="fig"} and [j](#Fig3){ref-type="fig"}, *P* \< 0.05) and weight (Fig. [3k](#Fig3){ref-type="fig"} and [l](#Fig3){ref-type="fig"}, *P* \< 0.05) than did control cells (HeLa-GFP and SiHa-GFP). Furthermore, IHC revealed that the xenograft tumor tissues formed by HeLa-GDF15 and SiHa-GDF15 cells demonstrated much stronger Ki67 staining score than those formed by control cells (HeLa-GFP and SiHa-GFP) (Fig. [3o-r](#Fig3){ref-type="fig"}, *P* \< 0.05). All of these data suggested that GDF15 promoted tumor formation of cervical cancer cells, potentially via enhanced cell proliferation in vivo.Fig. 3GDF15 accelerated cell cycle transition from G1 to S phase in cervical cancer cells. The cell cycle was analyzed using flow cytometry. The representative cell cycles of HeLa-GDF15 cells (**a**) SiHa-GDF15 cells (**c**) HT-3-shGDF15 (**e**) with their respective controls and the quantitative analysis were shown (**b**, **d** and **f**). The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA

GDF15 promoted the proliferation of cervical cancer cells by accelerating the cell cycle transition from G0/G1 to S phase {#Sec18}
-------------------------------------------------------------------------------------------------------------------------

Generally, the changes that occur during cell proliferation involve modulation of the cell cycle. To investigate whether GDF15 affected the cell cycle of cervical cancer cells, flow cytometry was performed to analyze differences in the cell cycle between GDF15-modified cervical cells and their control cells. As shown in Fig. [3a](#Fig3){ref-type="fig"} and [b](#Fig3){ref-type="fig"}, the percentage of cells in G0/G1 phase obviously decreased from 59.29% in HeLa-GFP cells to 36.43% in HeLa-GDF15 cells, while the percentage of cells in S phase was markedly increased from 30.51% in HeLa-GFP cells to 50.06% in HeLa-GDF15 cells. Consistently, a similar result was observed in SiHa cells; the percentage of cells in G0/G1 phase decreased from 70.95% in SiHa-GFP cells to 53.20% in SiHa-GDF15 cells, and the percentage of cells in S phase increased from 20.80% in SiHa-GFP cells to 35.80% in SiHa-GDF15 cells (Fig. [3c](#Fig3){ref-type="fig"} and [d](#Fig3){ref-type="fig"}, *P* \< 0.01). These results suggested that the overexpression of GDF15 accelerated the cell cycle transition from G0/G1 to S phase in cervical cancer cells. Conversely, the percentage of G0/G1 cells significantly increased and the percentage of S phase cells significantly decreased in HT-3-shGDF15 cells compared with HT-3-shNC cells (Fig. [3e](#Fig3){ref-type="fig"} and [f](#Fig3){ref-type="fig"}, P \< 0.01), which suggested that GDF15 silencing delayed the cell cycle transition from G0/G1 to S phase. Together, these results showed that GDF15 accelerated the cell cycle in cervical cancer cells at the transition from G0/G1 to S phase and suggested that GDF15 promoted cervical cancer cell proliferation through alterations in the cell cycle phases.

GDF15 altered the expression of cell cycle-related genes via FOXO1 and C-myc {#Sec19}
----------------------------------------------------------------------------

To explore the detailed mechanisms underlying the effects of GDF15 on the cell cycle, real-time PCR and western blotting were applied to verify the key cell cycle regulators in GDF15-overexpressing cells (HeLa-GDF15, SiHa-GDF15) and their control cells (HeLa-GFP and SiHa-GFP). As shown in Fig. [4a](#Fig4){ref-type="fig"} and [b](#Fig4){ref-type="fig"}, cdc2, cdc25A, CDK2, CDK4 and CyclinD1 mRNA was expressed at much higher levels in HeLa-GDF15 and SiHa-GDF15 cells than in their control counterparts, respectively. Various pathological and HPV types might result in certain differences in CDK4 mRNA expression levels between the two cell lines. In addition, the CyclinD1 and CyclinE1 proteins were also expressed at much higher levels in both HeLa-GDF15 and SiHa-GDF15 cells than in their control counterparts (Fig. [4c-e](#Fig4){ref-type="fig"}, *P* \< 0.05). Conversely, the expression of p21 was significantly decreased at both the mRNA and protein levels in both HeLa-GDF15 and SiHa-GDF15 cells compared with their respective controls (Fig. [4a-e](#Fig4){ref-type="fig"}, P \< 0.05).Fig. 4GDF15 altered cell cycle related molecules through FOXO1 and C-myc. The mRNA levels of cell cycle-related genes in HeLa (**a**) and SiHa (**b**) cell lines was detected by quantitative real time-PCR. The total protein levels of GDF15, CyclinA1, CyclinE1, CyclinD1 and p21 and the nuclear protein FOXO1 and C-myc in HeLa and SiHa cell lines (**c**) were determined by western blotting and the quantitative analysis were presented (**d** and **e**). GDF15 was determined by western blotting and cell lysates from HeLa-GDF15 and SiHa-GDF15 cells was incubated with 0%, 25%,50% and 75% conditioned medium for 24 h (**f**) and the quantitative analysis are shown (**g**). A quantitative CHIP assay of the GDF15 promoter region in HeLa and SiHa cells is shown (**h**). Proposed model of the positive feedback relationship between GDF15 and C-myc in cervical cancer cells (**i**). The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA

FOXO1 \[[@CR14]\] and C-myc \[[@CR15], [@CR16]\] are two well-known classical transcription factors that regulate the cell cycle via their target genes, which include p21, CyclinD1, and CyclinE1, among others. Figure [4c](#Fig4){ref-type="fig"} to [e](#Fig4){ref-type="fig"} shows the decreased expression of FOXO1 and the increased expression of C-myc in both HeLa-GDF15 and SiHa-GDF15 cells, compared with their respective controls (HeLa-GFP and SiHa-GFP). These results strongly suggested that GDF15 accelerated cell cycle progression in cervical cancer cells by targeting cdc25A, CDK2, CDK4, p21, CyclinD1 and CyclinE1 through alterations in the expression of FOXO1 and C-myc. Interestingly, pro-GDF15 expression was further elevated after treatment with conditioned medium from GDF15 overexpressing cells (HeLa-GDF15 and SiHa-GDF15, Fig. [4f](#Fig4){ref-type="fig"} and [g](#Fig4){ref-type="fig"}) and treatment with rhGDF15 (Additional file [4](#MOESM4){ref-type="media"}: Figure S2a-d). We speculated that there was mechanism regulating the positive feedback of GDF15 expression. Two transcriptional binding elements (CAACTG at − 3421 and CACGTG at − 972) were detected in the promoter of GDF15 through sequence analysis in the UCSC Genome online database; additionally, the E-box motif (CANNTG) is regulated by the typical transcription factor C-myc. To confirm our suspicion, a quantitative ChIP (chromatin immunoprecipitation) assay was applied to demonstrate that C-myc recognized and bound the promoter to trans-activate the expression of GDF15 (Fig. [4h](#Fig4){ref-type="fig"}, *p* \< 0.05). The positive feedback between GDF15 and C-myc is shown in Fig. [4i](#Fig4){ref-type="fig"}.

GDF15 induced the activation of AKT and ERK1/2 in human cervical cancer cells {#Sec20}
-----------------------------------------------------------------------------

It has been demonstrated that the expression of FOXO1 and C-myc is regulated by AKT1 and Erk1/2 through the PI3K/AKT and MAPK/ERK signaling pathways in various human carcinomas \[[@CR17], [@CR18]\]. To our knowledge, it has not been determined whether GDF15 promotes the proliferation of cervical cancer cells through the mechanism discussed above. Therefore, in the present study, the expression levels of PI3K (p-p110a), AKT1, p-AKT1 (S473), Erk1/2, p-Erk1/2 (T202/Y204) and Ras-GTP (total active Ras-GTP included H-Ras, N-Ras and K-Ras) were detected by western blotting or immunoprecipitation assay. As shown in Fig. [5a](#Fig5){ref-type="fig"} to [d](#Fig5){ref-type="fig"}, treatment with conditional medium significantly increased the expression of PI3K, p-AKT1, p-Erk1/2 and Ras-GTP in both HeLa and SiHa cells. Consistently, the expression of PI3K, p-AKT1, p-Erk1/2 and Ras-GTP significantly increased as a result of rhGDF15 treatment (Additional file [4](#MOESM4){ref-type="media"}: Figure S2a-d *P* \< 0.01). Similarly, the expression of PI3K, p-AKT1, p-Erk1/2 and Ras-GTP was much higher in HeLa-GDF15 and SiHa-GDF15 cells than in HeLa-GFP and SiHa-GFP cells (Additional file [4](#MOESM4){ref-type="media"}: Figure S2e-h, P \< 0.01). Furthermore, GDF15 knockdown in HT-3 cells by CRISPR technology (HT-3-crispr-GDF15) and by shRNA (HT-3-shGDF15) obviously decreased the expression of PI3K, p-AKT1, p-Erk1/2 and Ras-GTP compared with HT-3-crispr-NC and HT-3-shNC cells (Fig. [5e-h](#Fig5){ref-type="fig"}, *P* \< 0.01). All of these data suggested that GDF15 promoted cervical cancer cell proliferation and tumor formation via activation of the PI3K/AKT and MAPK/ERK signaling pathways.Fig. 5GDF15 induced activation of AKT1 and ERK1/2 in human cervical cancer cell lines. GDF15, PI3K, AKT/p-AKT1, and Erk1/2/p-Erk1/2 were determined by western blotting and Ras-GTP was by immunoprecipitation. Western blotting of cell lysates from HeLa-GFP and SiHa-GFP cells which were incubated with 0%, 25%, 50% and 75% conditioned medium for 24 h (**a** and **b**) and the quantitative analysis are shown (**c** and **d**). Western blotting of cell lysates from HT-3-crispr-GDF-15 and HT-3-shGDF15 and their control cell lines (**e** and **f**) and the quantitative analysis are shown (**g** and **h**). N: nuclear protein; M: medium protein. The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA

GDF15 activated the PI3K/AKT and MAPK/ERK signaling pathways via ErbB2 phosphorylation {#Sec21}
--------------------------------------------------------------------------------------

It has been shown that ErbB2 is transactivated by GDF15 in human breast and gastric cancer cells \[[@CR19]\]. ErbB2, a member of the epithelial growth factor receptor (EGFR) family, activates the PI3K/AKT and MAPK/ERK pathways to regulate cell proliferation, migration, and differentiation \[[@CR20]--[@CR22]\]. Moreover, as a member of the TGF-β superfamily, GDF15 regulates cellular biological processes by directly binding to the TGF-β receptor \[[@CR23]\]. In the present study, an ErbB2 inhibitor (CI-1033), a TGF-β receptor inhibitor (SB525334), an AKT inhibitor (MK-2206) and an Erk1/2 inhibitor (SCH772984) were applied to investigate the detailed mechanism involving GDF15 in the PI3K/AKT and MAPK/ERK signaling pathways. As shown in Fig. [6a](#Fig6){ref-type="fig"} and [b](#Fig6){ref-type="fig"}, an MTT assay demonstrated that HeLa and SiHa cell proliferation was significantly promoted by rhGDF15 administration but was inhibited by treatment with an AKT inhibitor or an Erk1/2 inhibitor. Notably, the combination of the AKT inhibitor and the Erk1/2 inhibitor induced more potent inhibition of HeLa and SiHa cell proliferation. Additionally, both the TGF-βR inhibitor and the ErbB2 inhibitor significantly suppressed the proliferation of HeLa and SiHa cells, but the ErbB2 inhibitor had a more potent inhibitory role than the TGF-βR inhibitor. Furthermore, the western blotting results showed that the expression of p-AKT1 and p-Erk1/2 was decreased by ErbB2 inhibitor treatment but not by TGF-βR inhibitor treatment in HeLa and SiHa cells (Fig. [6c-e](#Fig6){ref-type="fig"}, *P* \< 0.01). In addition, the expression of p-AKT1, p-Erk1/2 and C-myc was much lower in HeLa-shErbB2 and SiHa-shErbB2 cells than in HeLa-shNC and SiHa-shNC cells (Fig. [6f-h](#Fig6){ref-type="fig"}, *P* \< 0.01). Consistently, ErbB2 inhibitor treatment significantly reduced the expression of p-ErbB2 (Y1221/1222), p-AKT1, p-Erk1/2 and C-myc in HeLa and SiHa cells (Additional file [5](#MOESM5){ref-type="media"}: Figure S3, *P* \< 0.01). Furthermore, an immunoprecipitation assay showed that GDF15 bound to p-ErbB2 in both HeLa-GDF15 and SiHa-GDF15 cells (Fig. [6i](#Fig6){ref-type="fig"}). Together, these results suggested that GDF15 activated the PI3K/AKT and MAPK/ERK signaling pathways through ErbB2 in cervical cancer cells.Fig. 6GDF15 stimulated tyrosine phosphorylation of ErbB2. The effects of various inhibitors on HeLa (**a**) and SiHa (**b**) cell proliferation and viability was detected by MTT assay and quantitative statistics in the 7th day were present below, respectively. Western blotting of cell lysates from HeLa and SiHa cells which were treated with various factors (**c**) and the quantitative analysis were shown (**d** and **e**). Western blotting of cell lysates from HeLa and SiHa which were treated with rhGDF15 or/and shErbB2 (**f**) and the quantitative analysis were shown (**g** and **h**). GDF15 was immunoprecipitated from cell lysates of GDF15 overexpressing cell lines (HeLa-GDF15 and SiHa-GDF15) and the immunoprecipitation product was immunoblotted with an anti-p-ErbB2 antibody (**i**). The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA

Correlation analysis between the expression of GDF15 and p-AKT1, p-Erk1/2, C-myc, and FOXO1 in cervical cancer specimens {#Sec22}
------------------------------------------------------------------------------------------------------------------------

To validate the correlation between the expression of GDF15 and PI3K/AKT and MAPK/ERK signaling-related proteins in cervical cancer specimens, the expression of GDF15, p-AKT, p-Erk1/2, C-myc and FOXO1 was detected by IHC (Fig. [7a](#Fig7){ref-type="fig"}). Notably, a Pearson correlation analysis showed that GDF15 expression positively correlated with the expression of p-AKT, p-Erk1/2 and C-myc in 16 cervical cancer samples (r^2^ = 0.54, *P* = 0.002; r^2^ = 0.27, *P* = 0.048; r^2^ = 0.42, *P* = 0.009, respectively, Fig. [7b-d](#Fig7){ref-type="fig"}). However, the expression of GDF15 negatively correlated with the expression of FOXO1 (r^2^ = 0.31, *P* = 0.033, Fig. [7e](#Fig7){ref-type="fig"}). Therefore, these results indicated that GDF15 was associated with increased activity of the PI3K/AKT and MAPK/ERK signaling pathways in human cervical cancer.Fig. 7GDF15 is positively-correlated with the expression of AKT/MAPK signaling-related proteins in human cervical cancer tissues. Sixteen cervical cancer specimens were analyzed by IHC, and the representative expression of GDF15, p-AKT1, p-Erk/2, C-myc and FOXO1 is shown (**a**), scale bar, 50 μm. Correlation of GDF15 and p-AKT1, p-Erk/2, C-myc and FOXO1 expression, respectively in human cervical cancer was analyzed (**b**, **c**, **d** and **e**). Correlation analysis was performed using Pearson Chi-Square test

Discussion {#Sec23}
==========

GDF15 was first discovered independently by several different laboratories in the late 1990s and was found to be a regulator of macrophage activation and, a putative placental mediator of embryonic development. Recently, GDF15 was reported to have an important function in various types of carcinomas. Large-scale delineation of biomarkers from cancer samples showed elevated expression of GDF15 in the tissue and serum of patients with prostate, breast and colorectal carcinomas \[[@CR24]\]. Consistently, GDF15 was reported to be highly expressed in prostate cancer \[[@CR25]\], malignant melanoma \[[@CR26]\], ovarian cancer \[[@CR27]\] and pancreatic ductal adenocarcinoma \[[@CR28]\]. GDF15 was thus considered a novel potential diagnostic and prognostic biomarker for the improved risk assessment of cancer progression. In the present study, GDF15 was found to be up-regulated between normal cervix and cervical cancer lesions, which suggests that GDF15 might play a role in cervical carcinogenesis. GDF15 expression was also found to be elevated in cervical cancer compared to adjacent normal tissue in a microarray-based study \[[@CR12]\]. Although the expression of GDF15 was higher in invasive squamous cervical cancer than in high-grade squamous intraepithelial lesions in the present study, no significant difference was observed between these two groups. This lack of a difference might be attributed to the limited samples used in the present study, and a large-scale study with more specimens is needed. Therefore, all of these results imply that GDF15 is involved in cervical carcinogenesis.

The present study showed that GDF15-overexpression in HeLa and SiHa cells enhanced tumor formation in vivo. Moreover, rhGDF15, treatment with conditional medium and GDF15-overexpression stimulated HeLa and SiHa cell proliferation in vitro. Furthermore, the down-regulation of GDF15 in HT-3 cells inhibited cell proliferation in vitro. Studies have shown that GDF15 promotes cell proliferation and tumor formation in ovarian cancer, pancreatic ductal adenocarcinoma and prostate cancer \[[@CR29]--[@CR32]\]. All of these data are in accordance with each other and support the idea that GDF15 is a tumor promoter in several human cancers.

Cell cycle analysis showed that GDF15 overexpression accelerated the transition of cervical cancer cells from G0/G1 phase to S phase, whereas GDF15 down-regulation hindered the transition of cervical cancer cells from G0/G1 phase to S phase. These results suggest that GDF15 regulates the cell cycle through cell cycle checkpoint proteins. Among the cell cycle checkpoint proteins that we tested, the expression of cdc25A, CDK2, CDK4, CyclinD1 and CyclinE1 was up-regulated, and the expression of p21 was down-regulated in GDF15-overexpressing cervical cancer cells, which suggests that the cell cycle transition from G0/G1 phase to S phase in cervical cancer cells is regulated by GDF15 through the cdc25A/CDK4-CyclinD1 and p21/CDK2-CyclinE1 complexes. Consistently, Jin YJ et al. demonstrated that GDF15 promoted cell proliferation via the up-regulation of CyclinD1 and CyclinE1 and the down-regulation of p21 in human umbilical vein endothelial cells \[[@CR33]\]. In addition, our current study showed the down-regulated expression of FOXO1 and the up-regulated expression of C-myc in GDF15-overexpressing cervical cancer cells. These data indicate that alterations in cell cycle transition and the expression of cell cycle checkpoint proteins induced by GDF15 are mediated through FOXO1 and C-myc and innovatively demonstrate the positive feedback relationship of GDF15/C-myc/GDF15 in cervical cancer cells.

Activated AKT1 \[[@CR34]--[@CR36]\] and Erk1/2 \[[@CR37], [@CR38]\] phosphorylate FOXO1 and C-myc and thereby promote cell survival and proliferation. In the present study, the expression of PI3K, p-AKT1, p-Erk1/2 and Ras-GTP was significantly increased by rhGDF15 treatment or GDF15 overexpression but was decreased by GDF15 knock down, which indicates that GDF15 promotes cervical cancer cell proliferation through the PI3K/AKT and MAPK/ERK signaling pathways. Additionally, rhGDF15 and GDF15 overexpression obviously increased the expression of p-ErbB2, p-AKT1 and p-Erk1/2. Furthermore, ErbB2 inhibition significantly blocked the PI3K/AKT and MAPK/ERK signaling pathways, while inhibition of the TGF-β receptor had no effects on these two pathways. Kim KK et al. have reported that GDF15 activates AKT and ERK-1/2 via the transactivation of ErbB2 in human breast and gastric cancer cells in vitro \[[@CR19]\]. Similar results were reported by Joshi JP et al. in the breast cancer cells in vitro \[[@CR30]\]. In our study, for the first time, an IP assay showed that GDF15 bound to the p-ErbB2 receptor. However, the current study also revealed a suppressed proliferation of HeLa and SiHa cells with TGF-βR inhibitor treatment, which suggests that TGF-βR promotes cervical cancer cell proliferation through other mechanisms. These results suggest that GDF15 activates the PI3K/AKT and MAPK/ERK signaling pathways primarily through ErbB2.

A recent study found that GFRAL was the receptor for GDF15, and this ligand promoted weight loss in mice and nonhuman primates \[[@CR39]--[@CR41]\]. We also noted that nude mice injected with GDF15-overexpressing cervical cells had less food intake and lighter body weight than mice receiving control cells, although the data are not shown in this article.

Conclusions {#Sec24}
===========

In conclusion, this is the first study to demonstrate that GDF15 activates the PI3K/AKT and MAPK/ERK signaling pathways in a complex with ErbB2, which then alters the expression of cell cycle regulators including p21, CDK2/4 and CyclinD1/E1, and ultimately promotes cell proliferation in human cervical cancer (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8The Schematic diagram of GDF15 activating the PI3K/AKT and MAPK pathway in cervical cancer progression. GDF15 promotes cell proliferation and tumor formation in cervical cancer by which GDF15 forms a protein complex with ErbB2 and activates PI3K/AKT and MAPK pathways and reveals the mechanism about the change of cell cycle associated molecules such as p21, CDK4/CyclinD1, CDK2/CylinE1
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Additional file 1:**Table S1.** List of primer sequences used for vector construction in this study of Experimental Procedures. (DOC 50 kb) Additional file 2:**Table S2.** List of primer sequences used for real time-PCR assays in this study of Experimental Procedures. (DOC 45 kb) Additional file 3:**Figure S1.** GDF15 promotes the proliferation of human cervical cancer cell lines in vitro. GDF15 expression in human cervical cancer cell lines was detected using immunocytochemistry (a) and western blotting (b). The viability of HeLa and SiHa cells were treated with different concentration of rhGDF15 or HSA (c and d, respectively) or conditioned medium from HeLa and SiHa modified cells (e and f, respectively). HL-60 cells were used as the negative control cell line for immunostaining for GDF15. Anti-GDF15 antibody and Isotype Control antibody were used in the GDF15 and Control group respectively. HeLa-GFP and SiHa-GFP supernatant was from cells transfected with the empty pIRES2-AcGFP vector, while HeLa-GDF15 and SiHa-GDF15 supernatant was from cells transfected with the pIRES2-AcGFP-GDF15 vector. (TIFF 2140 kb) Additional file 4:**Figure S2.** GDF15 induced activation of AKT1 and ERK1/2 in human cervical cancer cell lines. GDF15, PI3K, AKT/p-AKT1 and Erk1/2/p-Erk1/2, GAPDH were determined by western blotting and Ras-GTP was by immunoprecipitation. Western blotting of cell lysates from HeLa and SiHa cells which were treated with 0, 10, 100 ng/ml of rhGDF15 for 24 h (a and b) and the quantitative analysis were shown (c and d). Western blotting of cell lysates from HeLa-GDF15 and SiHa-GDF15 and their control cell lines (e and f) and the quantitative analysis are shown (g and h). (TIFF 1052 kb) Additional file 5:**Figure S3.** Inhibition of ERBB2 eliminated the activation of AKT1 and ERK1/2 induced by GDF15. Western blotting of cell lysates from HeLa-GDF15, SiHa-GDF15 and their control cells which were treated with CI-1033 (a) and the quantitative analysis were shown (b and c). The data were shown as the mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs. control using One-Way ANOVA. (TIFF 769 kb)
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